The effects of a two-meal feeding sequence on production performance and milk lipid profile were investigated. Sixty pregnant sows (d 85 of gestation) were assigned to 3 groups: 2 C group (fed a control crude protein [CP] diet at 0600 and 1500 daily), LH group (fed a low CP diet and a high CP diet at 0600 and 1500), or HL group (fed a high CP diet and a low CP diet at 0600 and 1500). Reproductive performance of sows, and lipid profiles of plasma and milk were measured. Results showed that the HL feeding sequence dramatically increased average piglet weight/litter, average daily gain of piglet/ litter, and milk production of sows. LH feeding sequence increased milk fat proportion, and HL feeding sequence significantly increased the proportion of milk MUFA on d 14 and 21 of lactation. Interestingly, the HL feeding sequence also reduced the ratio of C18:1 cis /C18:1 trans in milk, which may account for the greater milk production of sows and growth performance of piglets during lactation. These findings indicated that both the maternal two-meal feeding sequences with varying crude protein improved milk production and milk lipid profiles of sows, which might contribute to improving growth performance of piglets.
Feeding sows during the transition from late gestation to lactation is important for the production of colostrum and milk, which is related to the lactation performance of sows and growth rates of piglets 1 . Milk is the sole source of nutrients for the neonates of most mammalian species 2 . As the number of nursing piglets per sows has increased in recent years, lactating sows have not provided enough milk to satisfy the needs of rapidly growing piglets 3 . Consequently, improving milk production and quality are important for the productivity performance of sows. Current feeding systems related to phase-feeding programs and feeds are usually formulated to optimise the performance of the total pig population, despite the fact that in such evaluations, most of the pigs receive more nutrients than they actually need for optimal growth 4 . Recent studies showed that nutritional outcomes were affected by the timing of food intake, even when the same type of food and the same amount of calories were consumed, as circadian clocks and energy metabolism interacted with each other 5, 6 . Therefore, optimised feeding systems linking dietary formulation and nutritional management techniques to circadian clocks would significantly improve animal husbandry.
Previous studies have reported that feeding time affects body weight and the risk of obesity in humans 7, 8 . Our previous study showed that a daily meal sequence with different dietary crude protein (CP) affected the metabolism and growth performance in growing pigs 9 , and improved muscle quality characteristics 10 . As one of the most important parts of milk, fat or fatty acid is important for offspring growth 11 . However, little is known about how a maternal two-meal feeding sequence affects the milk composition of sows and growth rates of piglets.
In this study, swine models were chosen for their physiological and gastrointestinal similarities to humans. Moreover, sows and neonatal piglets are more similar in size to human mothers and infants than other animal models, such as mice 12 . Our previous study demonstrated that feeding a high protein meal in the morning and a gradually reduced CP content in meals during the day affected lipid metabolism in barrows 10 . In addition, we found that long chain fatty acid contents in plasma and liver both exhibited diurnal rhythms in growing pigs 13 . Therefore, this study investigated the effects of different feeding sequences on milk production, the lipid profiles of sows, and growth performance of their offspring. We hypothesised that the maternal HL two-meal sequence with varying CP would increase the growth performance of neonatal piglets through the mother-to-newborn transfer of milk.
Results
Reproductive performance of sows. Descriptive data on the reproductive performance of sows are presented in Table 1 . On average, piglet weights from the 2 C group at d 14 (P = 0.04) and d 21 (P = 0.024) were lower than those from sows in the LH or HL groups; however, there were no significant differences in piglet birth weights among the three groups (P = 0.15). Moreover, both the HL and LH feeding sequences significantly increased the average daily gain of piglets/litter during d 0-21 of lactation (P = 0.034), and by 14.22% and 10.22% during d 14-21 of lactation (P = 0.17), respectively. Additionally, the average daily gain of piglets/litter also showed an increasing trend in the HL group compared with the LH and 2 C groups (P = 0.054). However, no significant difference was observed between groups in the total number of newborn piglets/litter, stillbirth number/ litter, or litter size at weaning (P > 0.10).
Milk production. Based on the growth rates of piglets/litter (per sow), we found that the HL feeding sequence increased milk production per sow during d 14-21 (P = 0.049) and d 0-21 (P = 0.007) of lactation, whereas no significant difference was observed among the three groups in milk production during d 0-14 of lactation (P = 0.16) (Fig. 1) . Values with different letters within the same row are different (P < 0.05). 1 2C = fed control diet at 0600 h and 1500 h a day, respectively, LH = fed low protein diet at 0600 h and high protein diet at 1500 h a day, HL = fed high protein diet at 0600 h and low protein diet at 1500 h a day, respectively. Plasma lipid profiles of sows. As shown in Table 2 , the plasma H-DLC/total cholesterol (CHO) ratio in sows in the HL group was greater than that in sows in the LH and 2 C groups (P < 0.05). However, other plasma lipid parameters were not significantly affected by feeding sequences. After 14 days of lactation, plasma H-DLC (P = 0.014), L-DLC (P = 0.038), and total CHO (P = 0.031) declined in the HL group compared with those in the 2 C group. Additionally, the ratio of both H-DLC/L-DLC (P = 0.012) and H-DLC/total CHO (P = 0.003) in the LH group declined, but the HL group was not affected compared with the 2 C group (P > 0.10). Plasma triglyceride in sows was not significantly affected by feeding sequences during late gestation or lactation (P > 0.10).
Proportion of fat and fatty acids profiles in milk. The proportions of fat and fatty acids profiles in milk on d 7 are listed in Table 3 . Total proportion of MUFA (P = 0.003), C22:6 (DHA) (P = 0.011), C22:2 (P < 0.0001), C20:3 (P = 0.034), C20:2 (P = 0.025), and C18:1trans (P < 0.0001) in milk increased, but C16:0 (P = 0.025), C17:0 (P = 0.005), C18:1cis (P < 0.001), C18:2trans (P = 0.004), total SFA (P = 0.021), and C18:1 cis /C18:1 trans ratio (P < 0.0001) in milk decreased in the HL feeding group compared with those in the 2 C and LH groups. The LH feeding sequence significantly reduced the proportions of C18:3 (P < 0.001) and n-3 (P = 0.004), and increased the ratio of n-6/n-3 (P < 0.001). However, the proportion of fat in milk was not affected by the different feeding sequences.
Similar trends in MUFA (P < 0.0001), C16:0 (P < 0.001), C17:0 (P = 0.008), C20:3 (P < 0.001), C20:2 (P < 0.0001), C18:1cis (P < 0.001), C18:1trans (P < 0.001), C18:1cis/C18:1trans (P < 0.0001), and total SFA (P = 0.002) were observed on day 14 (Table 4) . Additionally, both HL and LH feeding sequences increased the proportions of C18:3, n-6 (P < 0.001), C11:0 (P < 0.0001), and C17:1 (P < 0.001) in milk compared with those in 2 C, whereas the proportion of C20:0 (P = 0.022) in the LH group was greater than that in the other two groups. Compared with the 2 C group, the proportion of n-6 in the HL and LH groups presented an increasing trend (0.05 < P < 0.10), n-3 was decreased (P < 0.0001), and the n-6/n-3 ratio was significantly increased (P = 0.004). Notably, the proportion of fat was highest in the LH group (P = 0.0005).
The proportion of fat and fatty acids profiles in milk on day 21 are listed in Table 5 . MUFA (P < 0.0001), n-3 (P < 0.0001), C18:1trans (P < 0.0001), the ratio of n-6/n-3 (P < 0.0001), and C18:1 cis /C18:1 trans (0.05 < P < 0.10) presented similar quantities as observed on days 7 and 14. Compared with the 2 C group, the proportion of C22:6 (P < 0.0001), C18:3, n-3 (P < 0.0001), and C14:1 (P < 0.0001) were decreased in the HL group. However, C15:0 (P < 0.0001) and C20:2 (P = 0.023) were increased in the HL and LH groups, respectively. The proportion of fat was also increased in the LH group (P = 0.012) compared with that in the 2 C and HL groups. However, the proportion of n-6 in milk on d 7, 14, and 21 was not affected by different feeding sequences.
Discussion
Energy metabolism and circadian clocks interaction as well as nutritional outcomes are affected by the timing of food intake, even when the same type of food and the same amount of calories are consumed 14 . A previous study reported that plasma triglycerides show diurnal variation 15 . Our results also showed that the plasma lipid profiles of sows, especially on d 14 of lactation, was influenced by HL and LH feeding patterns, whereas the plasma triglyceride levels in sows did not show a significant difference among different groups. Moreover, changes in plasma CHO levels in sows suggested that a daily two-meal feeding sequence with different dietary CP, especially the HL feeding sequence, reduced the uptake of CHO or de novo synthesis of CHO in the liver. Notably, the plasma lipid Table 2 . Plasma lipid profiles in sows according to feeding sequence
Values with different letters within the same row are different (P < 0.05).
1 2C = fed control diet at 0600 h and 1500 h a day, respectively, LH = fed low protein diet at 0600 h and high protein diet at 1500 h a day, HL = fed high protein diet at 0600 h and low protein diet at 1500 h a day, respectively.
profiles of sows at farrowing represented the late gestation period to some extent, and did not show significant differences between the three groups compared with those during lactation. These findings may be explained by the more vigorous lipid metabolism during lactation than gestation, but further study is needed to verify this.
A previous study reported that neither the volume of milk production nor the total milk lipid concentration was related to the variation in composition or energy content of the maternal diet 16 , but was strongly influenced by litter size, piglet weight, and suckling interval 17, 18 . Milk production will increase if piglets suckle more frequently. In this study, the HL feeding sequence resulted in the maximum daily milk production/sow determined by litter size and average daily gain of piglets, although we did not evaluate the suckling intervals of piglets/litter. Growth rates of piglets were partially determined by the higher daily milk performance of sows. Normally, piglets that are heavier at birth grow faster during the suckling period because they are able to massage the teats more strongly and obtain more milk at each suckling 19 . These findings suggested that the HL feeding sequence was the most vigorous in stimulating a greater milk flow, which then helped to improve the growth rates of piglets.
Nutrients are supplied to the newborn through milk, and fat is particularly important not only for energy, but also for supplying specific fatty acids that are essential for optimal organ development 20 . Fat-free diets fed to infants increased energy requirements and reduced growth 21 , which indicated that milk fat was of great Table 3 . Medium-long-chain fatty acids profile and fat proportion in milk according to feeding sequence on d 7
Values with different letters within the same row are different (P < 0.05). 1 2 C = fed control diet at 0600 h and 1500 h a day, respectively, LH = fed low protein diet at 0600 h and high protein diet at 1500 h a day, HL = fed high protein diet at 0600 h and low protein diet at 1500 h a day, respectively. 2 The percentage values are proportions of each individual fatty acid relative to the total detectable lipid in the sample. significance in the development of offspring. Some studies reported that rats and sows fed high-lipid diets during pregnancy and lactation had higher daily outputs of total lipid in milk and their offspring had higher growth rates 22, 23 . It is reported higher piglet growth due to a higher milk fat content 24 . Our results indicated that the LH feeding sequence may resolve the problems associated with low milk fat content in sows, which also provides information for maternal nutrition in humans, cows, and other mammals. However, in this study, the increase in milk fat in sows from the LH group was not sufficient to account for the maximum growth rates of piglets.
Maternal nutrition has little or no effect on many nutrients in human milk, except that fatty acids show extreme sensitivity to maternal nutrition and are implicated in neurological development 25 . The utilisation of energy reserves is reflected in the content of milk fat 26 , fatty acids profile, and the mutual ratio between individual fatty acid proportions in milk 27 . Recently, dietary PUFA in feeds, specifically the n-3 and n-6 fatty acids, have been studied to improve sow and piglet performance. Moreover, it has been demonstrated that animal performance was influenced by the ratio of n-6/n-3 in pigs 28 . Conversely, it is reported that changing the n-6/n-3 fatty acid ratio in sow diets changed colostrum and milk fatty acids profiles, but had minimal impact on reproductive performance 29 . In this study, we found that both the LH and HL feeding sequences affected the proportion of n-3 fatty acids and the ratio of n-6/n-3 in milk. However, these changes did not decrease the growth performance of piglets, which was consistent with the previous study, although robust evidence supporting a direct link between the proportion of milk n-3 fatty acids, n-6/n-3 ratio, and growth performance of suckling piglets is limited.
One study showed that altering the conformation of a C18:1 double bond from cis to trans (oleic acid to elaidic acid) in in vitro cellular models decreased cholecystokinin secretion, a satiety hormone involved in appetite regulation 30 . In this study, the LH and HL feeding sequences significantly increased the proportion of C18:1trans Table 4 . Medium-long-chain fatty acids profile and fat proportion in milk according to feeding sequence on d 14 [1] [2] [3] .
a-c
1 2C = fed control diet at 0600 h and 1500 h a day, respectively, LH = fed low protein diet at 0600 h and high protein diet at 1500 h a day, HL = fed high protein diet at 0600 h and low protein diet at 1500 h a day, respectively. 2 The percentage values are proportions of each individual fatty acid relative to the total detectable lipid in the sample. in milk on days 7, 14, and 21 of lactation, but decreased the proportion of C18:1cis and the ratio of C18:1cis/ C18:1trans, which is related to the appetite of suckling piglets. Again, this result indicated that milk production of sows could be increased via the two-meal feeding sequence, especially the HL sequence, to improve the appetite of suckling piglets and milk production of sows, although the latter point needs more studies of suckling behaviour to verify.
Besides C18:1 MUFA, the LH and HL feeding sequences also resulted in a greater total MUFA and lower proportion of SFA in milk. Although there is no conclusive evidence that high levels of SFA in the diet are directly linked to cardiovascular disease, it has been demonstrated that diets with high MUFA could protect against this disease 31 . Furthermore, it is found that a diet containing a high proportion of SFA reduced feed intake more than one rich in unsaturated fatty acids 32 . In agreement with a previous study, changes in SFA, C18:1 MUFA, and total MUFA, which are involved in appetite regulation, may explain the optimal milk composition in the HL group. Sow milk composition and production are important factors in determining mortality and growth rates of pre-weaning piglets 2 . In other words, our data indicated that the HL feeding sequence may improve the growth rates of piglets via altering conformation of C18:1 and SFA proportions in milk that regulate the appetites of piglets, and in turn improve the milk production of sows. Interestingly, the proportion of DHA in milk on d 7 of lactation increased in the HL group, but significantly decreased on days 14 and 21 in the LH and HL groups. The possible reasons for this variation need further study.
Milk fat comes from two sources: biosynthesis of fatty acids within the mammary glands (de novo synthesis) and uptake from the plasma by the mammary glands 22 , both of which are influenced by maternal nutrition 33, 34 . Milk fatty acids profiles are dependent on maternal dietary lipid intake 35, 36 . In contrast to a former study 20 , the daily two-meal feeding sequence with varying CP (HL or LH) affected the milk fat content and fatty acids profiles of sows despite constant dietary lipid content. These findings indicated that the growth performance of piglets could be improved without using additives in sow feeds, but by applying a maternal dynamic feeding sequence (i.e., HL or LH) compared with conventional feeding, i.e., the 2 C feeding sequence. Consequently, we suggest that the LH feeding sequence could improve the biosynthesis of fatty acids or absorption by the mammary glands in sows. However, to further understand its modulation by maternal dietary protein, further studies are needed.
A previous study demonstrated that the chemical composition of human milk is modified according to pregnancy maturation (pre-and post-partum) and milking time (night versus day time), and that these differences are Table 5 . Medium-long-chain fatty acids profile and fat proportion in milk according to feeding sequence on day 21
1 2C = fed control diet at 0600 h and 1500 h a day, respectively, LH = fed low protein diet at 0600 h and high protein diet at 1500 h a day, HL = fed high protein diet at 0600 h and low protein diet at 1500 h a day, respectively. 2 The percentage values are proportions of each individual fatty acid relative to the total detectable lipid in the sample. 
Conclusions
Compared to the conventional feeding sequence (2 C), dynamic maternal nutrition of a maternal two-meal with varying CP modulated milk production and lipid profiles in milk and plasma of sows. In turn, this contributed to the greater growth performance of piglets. These findings may be useful for maximising milk production of sows without increasing feed costs, and providing information for mother-infant nutrition in humans.
Materials and Methods
This study was conducted according to the guidelines for the treatment of animal subjects as approved by the Animal Care Committee of the Institute of Subtropical Agriculture, Chinese Academy of Science.
Animals, experimental design, and diets. The diets for sows in the experiment included a control diet (2 C), high-protein diet (HL), and a low protein diet (LH). A total of 60 pregnant sows (Landrace × Large Yorkshire) with a similar parity (3) (4) (5) (6) were randomly assigned to one of 3 groups (20 replicates/group): 2 C (sows were fed a basal diet with 19.68% crude protein [CP] at 0600 h and 1500 h daily), LH (sows were fed a basal diet with 18.09% CP and 21.28% CP at 0600 h and 1500 h daily, respectively), and HL (sows were fed a basal diet with 21.28% CP and 18.09% CP at 0600 h and 1500 h daily, respectively).
Gestating sows were fed with the 2 C CP diet until 4 weeks pre-farrowing (d 85 ± 2 of gestation), when they began consuming their assigned treatment diet until weaning. Sows in the HL and LH groups were fed with the same quantity of diets at 0600 h and 1500 h throughout the experiment to ensure they all consumed equal amounts of feed with the same CP content daily. Table 6 . Composition of the sow diets (as-fed basis).
1
Flavoring agent means flavor and sweetener.
2 Premix provided the following per kg of diet: Fe (FeSO4·H2O), 80 mg; Mn (MnSO4·5H2O), 45 mg; Zn (ZnO), 100 mg; Cu (CuSO4·5H2O), 20 mg; I (KI), 0.70 mg; Se (Na2SeO3·H2O), 0.25 mg; vitamin A, 10,000 IU; vitamin D3, 2,500 IU; vitamin E, 100 IU; vitamin K, 10IU; vitamin B2, 10 mg; vitamin B6, 1 mg; vitamin B12 50ug; biotin, 80ug; folic acid, 5 mg; nicotinic acid, 15 mg; choline chloride 1500 mg.
During gestation, sows were housed in 8 pens, each with 6 individuals, walk in/lock in stalls. On d 110 of gestation, 20 sows were moved from the gestation facility to a farrowing room equipped with 20 individual farrowing crates. Each crate was 183 cm wide and 244 cm long, and had an adjustable sow space and a piglet creep area. All sows were housed individually in an environmentally controlled nursery and had free access to fresh water throughout the experiment. The piglets were suckled only by the sows and received no additional feed until weaning (aged 21 d).
In this study, the nutrients in feed were considered to be adequate for sows and met the NRC-recommended requirements within the appropriate weight range (NRC, 2012). The compositions of the diets are given in Table 6 .
Reproductive performance. After farrowing, the total number of newborn piglets/litter, stillbirth piglets/ litter, and litter sizes at weaning were recorded. In addition, the average piglet birth weight/litter before suckling, and on d 14 and 21 (weaning) were recorded, and average daily gain of piglets/litter during d 0-14, 14-21, and 0-21 were recorded. Cross-fostering within diet groups was conducted within 24 h of birth to ensure even numbers of piglets per sow.
Sample collection. A 5 mL blood sample was collected from the marginal ear veins of each sow at farrowing and on d 14 of lactation. Plasma samples were then obtained by centrifugation at 3,000 × g for 10 min at 4 °C and immediately stored at −80 °C for subsequent analysis.
Milk samples were manually collected from 4-6 mammary glands on d 7, 14, and 21 of lactation, following an intramuscular injection of oxytocin to induce milk let down. All the milk samples were stored at −80 °C until analysis. Average milk production per sow during d 0-14, 14-21, and 0-21 of lactation was calculated using the average daily gain per piglet multiplied by the litter size and constant "4" 38, 39 . Plasma parameters. HDL-C, LDL-C, total CHO, and triglyceride in plasma were measured using an instrument (Biochemical Analytical Instrument, Beckman CX4, Beckman Coulter Inc., Brea, CA) and commercial kits (Sino-German Beijing Leadman Biotech Ltd., Beijing, China).
Determination of lipid profiles in milk.
The proportion of fat in milk was analysed using a MilkoScan FT120 infrared automatic analyzer (Foss, Hillerød, Denmark).
Extraction and lipid methylation in milk were performed in duplicate from 200 μL samples, according to the method of Lepage and Roy 40 , which recommends treatment with 2 mL methanol: toluene 4:1 (v/v) solution, and transmethylation with boron trifluoride (BF 3 ) and methanolic KOH 41 . Fatty acids profiles were determined using gas chromatography (Agilent 6890, Boston, MA) equipped with a 100 m × 0.25 mm × 0.2 μm film-fused silica capillary column (SP1233, Supelco Inc., Bellefonte, PA, USA) and a flame ionisation detector. Injector and detector temperatures were 280 °C. The column temperature was maintained at 140 °C for 5 min, then increased at a rate of 3 °C/min to 220 °C and held for 40 min. Individual fatty acid peaks were identified by comparison with known reference methyl esters. All fatty acid values were expressed as a proportion of total fatty acids.
Statistical analysis.
All results are expressed as means and standard errors. Statistical analyses were conducted using SAS 8.2 (SAS Institute, Inc.). Normality of the data and homoscedasticity were checked using standard tests. All data were analysed using one-way analysis of variance (ANOVA), and feeding sequence was used as the independent variable. Differences were considered statistically significant at P < 0.05.
Implications. Maternal two-meal feeding sequences with varying crude protein reduced the plasma cholesterol levels, increased milk production, and improved milk lipid profiles of sows, which contributed to the health of sows and played a key role in increasing piglet growth performance.
